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Nearly a third of the human population is at risk of infection with the four serotypes of dengue viruses, and
it is estimated that more than 100 million infections occur each year. A licensed vaccine for dengue viruses has
become a global health priority. A major challenge to developing a dengue vaccine is the necessity to produce
fairly uniform protective immune responses to all four dengue virus serotypes. We have developed two bivalent
dengue virus vaccines, using a complex adenovirus vector, by incorporating the genes expressing premembrane
(prM) and envelope (E) proteins of dengue virus types 1 and 2 (dengue-1 and -2, respectively) (CAdVax-Den12)
or dengue-3 and -4 (CAdVax-Den34). Rhesus macaques were vaccinated by intramuscular inoculation of a
tetravalent dengue vaccine formulated by combining the two bivalent vaccine constructs. Vaccinated animals
produced high-titer antibodies that neutralized all four serotypes of dengue viruses in vitro. The ability of the
vaccine to induce rapid, as well as sustained, protective immune responses was examined with two separate
live-virus challenges administered at 4 and 24 weeks after the final vaccination. For both of these virus
challenge studies, significant protection from viremia was demonstrated for all four dengue virus serotypes in
vaccinated animals. Viremia from dengue-1 and dengue-3 challenges was completely blocked, whereas viremia
from dengue-2 and dengue-4 was significantly reduced, as well as delayed, compared to that of control-
vaccinated animals. These results demonstrate that the tetravalent dengue vaccine formulation provides
significant protection in rhesus macaques against challenge with all four dengue virus serotypes.

Dengue viruses belong to the family Flaviviridae (3). Four
antigenically distinct serotypes of dengue virus have similar
clinical presentation, epidemiology, and distribution, especially
in tropical and subtropical regions of the world, where 2.5
billion people are at risk of infection (9). Infection with any of
the four dengue virus serotypes can cause diseases ranging
from mild febrile illness and classic dengue fever to the severe
and potentially fatal forms of dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS) (29). Natural in-
fection with any of the dengue virus serotypes provides only
long-term homotypic immunity, and available epidemiologic
data suggest an increased risk for DHF/DSS during secondary
infections with a heterologous serotype (21, 22). Global expan-
sion of dengue virus infections in recent decades has made the
development of vaccines for dengue viruses a public health
priority. Traditional vaccine approaches such as live attenuated
viruses (LAV), inactivated viruses, and subunit vaccines, as
well as novel approaches such as cloned, engineered viruses
and chimeric viruses using yellow fever virus (YFV) backbone,
are being pursued (1, 10, 26, 27); however, a licensed vaccine
is not yet available.

To avoid the potential for increased risk of DHF/DSS due to
postulated immune enhancement (13), a dengue virus vaccine
should elicit protective immunity simultaneously to all four
serotypes. Current approaches depend on developing four
monovalent vaccine candidates and mixing them to produce a
final tetravalent vaccine. This approach introduces consider-
able constraints regarding production and formulation. Vac-
cine approaches using live, replicating viruses have shown po-
tential problems with mixed formulations, presumably
stemming from serotype competition and/or dominance (7, 20,
30, 34). To address this potential problem, we are developing
nonreplicating DNA vaccines and recombinant viral vector
vaccines for dengue viruses. We have previously shown that a
dengue virus type 1 (dengue-1) DNA vaccine expressing prM
and full-length E genes induced neutralizing antibodies in non-
human primates and provided partial protection from the cor-
responding live-virus challenge (28). It has been generally rec-
ognized that an inadequate uptake of naked DNA vaccine by
host cells and the resulting poor expression of the antigen(s)
are the leading cause of limited success with naked DNA
vaccines. We therefore hypothesized that it may be beneficial
to use replication-deficient recombinant viral vectors to en-
hance gene delivery and immunogenicity. Such vectored vac-
cines may be beneficial as stand-alone vaccine candidates or as
components of heterologous prime-boost vaccination regi-
mens. We have recently reported complete protection of cyno-
molgus monkeys vaccinated with a heterologous prime-boost
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regimen with monovalent dengue-1 vaccines, based on DNA
and Venezuelan equine encephalitis (VEE) virus replicons (4).

Adenovirus vectors offer the advantages of being generally
safe and easy to produce and store. In addition, there is sub-
stantial clinical experience with adenovirus vectors, albeit
mostly in gene therapy. Second-generation complex adenovi-
rus vectors with multiple deletions can harbor a larger foreign
DNA load and are especially suited for developing multivalent
vaccines such as tetravalent dengue vaccines. Vaccines based
on this vector platform, expressing multiple antigens of Mar-
burg virus (37) and Ebola virus (38), have already been de-
scribed. Here we report results from a nonhuman primate
study in which animals were vaccinated with a tetravalent den-
gue vaccine formulated by mixing two bivalent vaccine con-
structs, CAdVax-Den12 and CAdVax-Den34. Each bivalent
construct was previously shown to elicit corresponding bivalent
virus-neutralizing antibody in vaccinated mice (16). Results
reported here demonstrate that the tetravalent dengue vac-
cine elicited a neutralizing antibody response to all four
dengue virus serotypes and provided both short-term and
long-term protection against challenges from each of the
four serotypes.

MATERIALS AND METHODS

Vaccines. Construction and purification of CAdVax-Den12 and CAdVax-
Den34 have been described previously (16). CAdVax-Den12 expressed the prM
and E genes of dengue-1 and -2, and CAdVax-Den34 expressed the same genes
of dengue-3 and -4. Genomic RNA of dengue-1 (strain Western Pacific 74)
grown in Vero cells and low-passage clinical isolates (from the Philippines) of
dengue-2, -3 and -4 were used as the source of prM and E genes. The dengue-3
prM and E gene sequences were optimized for human codon usage. Figure 1
shows a schematic diagram of the two bivalent vaccine constructs. Tetravalent
dengue vaccine (CAdVax-DenTV) consisted of a mixture of equal proportions of
CAdVax-Den12 and CAdVax-Den34. Control vaccine constructs expressed an-
tigens from either the severe acute respiratory syndrome virus (CAdVax-C1) or
the hepatitis C virus (CAdVax-C2).

Animals and study design. Rhesus macaques (Macaca mulatta) of either sex,
3 to 8 years old, were used in the study. Animals were prescreened for the
presence of anti-dengue virus antibody by using the enzyme-linked immunosor-
bent assay (ELISA; flavivirus cross-reactive) and the plaque reduction neutral-
ization test (PRNT), and those animals with evidence of previous exposure were
excluded. Animals were not prescreened for antiadenovirus antibody. Forty-
eight animals were divided into two groups, A and B, of 24 animals each (Fig. 2).
Twelve animals in each group were vaccinated with CAdVax-DenTV. Twelve
control animals in group A and in group B were vaccinated with CAdVax-C1 and
CAdVax-C2, respectively. Vaccination consisted of two doses (on days 1 and 57)
of 1 � 109 infectious units, delivered intramuscularly, divided equally between
the two deltoid muscles. Four weeks after the final vaccination (day 85), the

animals in group A were further divided into subgroups (n � 3) and challenged
with live dengue-1, -2, -3, or -4. Animals in group B were similarly divided into
subgroups and challenged at 24 weeks after the final vaccination (day 253). Prior
to receiving the virus challenge, one of the vaccinated animals from group B died
from causes unrelated to the study and was removed from data analyses. The
experiments reported herein were conducted in compliance with the Animal
Welfare Act and in accordance with the principles set forth in Guide for the Care
and Use of Laboratory Animals (25a).

Immune responses. Quantitative measurements of dengue virus-specific im-
munoglobulin G (IgG) in monkey sera were made by ELISA as previously
described (4). Dengue virus-neutralizing antibody titers were determined by
PRNT as previously described (23). Virus strains used in neutralization assays
were the same as those used for virus challenge (see below). Serial twofold
dilutions of individual monkey sera were used in the assay. A pool of the sera of
all animals, collected before animals were primed, was used as the negative
control for PRNT. Fifty percent neutralization titers (PRNT50) were determined
by probit analysis using Minitab software. T-cell responses in vaccinated group B
animals were measured by a gamma interferon enzyme-linked immunospot
(IFN-� ELISPOT) assay as previously described (4).

Antibodies to adenovirus were determined by ELISA. Immunoplates were
coated with purified CAdVax vector (diluted 1:500 in phosphate-buffered saline)
and allowed to dry overnight at 37°C. The next day, plates were washed, blocked,
and incubated with serial dilutions of monkey sera (1:200 to 1:200,000). The
remainder of the assay was carried out as previously described (27). Titers were
determined by the inverse of the serum dilution that corresponded to an absor-
bance reading of two times the background absorbance for the assay.

Virus challenge and viremia. Animals in groups A and B were challenged on
days 85 and 253 after they received their primary vaccinations, respectively.

FIG. 1. Schematic of the bivalent vaccine constructs CAdVax-Den12 and CAdVax-Den34. Salient features of dengue virus gene expression
cassettes and adenovirus genome are shown. CMV, CMV promoter; pA, poly(A) site; TR, terminal repeats; �E1 and �E4 are deletions in the E1
and E4 regions, respectively; �, packaging sequence. Diagrams are not to scale. ORF, open reading frame.

FIG. 2. Study design. Twelve animals in group A and B each were
vaccinated with CAdVax-DenTV vaccine or CAdVax-C1 or CAdVax-C2
on days 1 and 57. Group A and B animals were challenged (Chal.) with
dengue-1, -2, -3, and -4 (D1 to D4) on days 85 and 253, respectively, as
shown.
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Groups of three control and three vaccinated animals were challenged by sub-
cutaneous inoculations of 5 � 105 PFU of dengue-1 (Western Pacific 74), den-
gue-2 (OBS8041), or dengue-3 (CH53489) or by 3.8 � 105 PFU of dengue-4
(341750). All challenge virus strains were unattenuated, virulent wild-type virus
strains. The deduced amino acid sequence of the dengue-1 antigen in CAdVax-
DenTV was identical to that of the challenge dengue-1, and the deduced amino
acid sequences of the dengue-2, -3, and -4 antigens in CAdVax-DenTV were
97% or more homologous to those of the corresponding challenge virus strains.

Viremia was determined by using sera collected from daily bleeds following
the challenge inoculation. Three hundred microliters of sera was diluted to 1 ml
in Eagle’s minimum essential medium (EMEM) supplemented with 2% fetal
bovine serum, penicillin, and streptomycin. Two T-25 flasks of subconfluent
monolayers of Vero cells were inoculated with 0.5 ml of diluted serum and
incubated at room temperature for 1 h with gentle rocking. Four milliliters of
EMEM containing 5% fetal bovine serum was added to each flask. Cells were
incubated at 37°C in a 5% CO2 atmosphere for 14 days, with a medium change
on day 7. The cells were then scraped off the flask, washed with phosphate-
buffered saline, and spotted onto immunofluorescence slides. Cells were fixed
using cold acetone and processed for indirect immunofluorescence using mouse
monoclonal antibody 7E11 (specific for the nonstructural protein NS-1) and
fluorescein isothiocyanate-conjugated anti-mouse Ig. Cells were examined with
an Olympus fluorescence microscope for the presence or absence of dengue
virus-specific antigen. With this method, a single PFU of virus could be detected
by using serial dilutions of a virus stock of known titer, which resulted in a
sensitivity of detection of about 7 PFU/ml. Serum samples that were found
positive for the presence of virus by this method were further examined by direct
plaque titration. Two-hundred-microliter volumes of 1:3 and 1:15 dilutions were
used in duplicate for plaquing on Vero cell monolayers. The average titer was
determined as PFU/ml.

Data analyses. All antibody data were log transformed for statistical analyses.
Neutralizing antibody titers against four virus serotypes were evaluated by anal-
ysis of variance (ANOVA) and a t test. A repeated measure ANOVA was used
to evaluate differences in IgG concentrations in response to four dengue virus
serotypes between three points of observations. Viremia in the control and

vaccinated animals challenged with dengue-1, -2, -3, or -4 was analyzed by logistic
regression.

RESULTS

CAdVax-DenTV induces a tetravalent antibody response.
CAdVax-DenTV causes de novo synthesis of dengue virus
antigens (prM and E) in infected cells (16). Antibodies to these
dengue virus antigens are an important aspect of vaccine-in-
duced immunity. The antibody response to each dengue virus
serotype was measured by ELISA and PRNT. IgG response to
all four dengue virus serotypes was detectable by ELISA in all
vaccinated monkeys after their first vaccination (not shown). It
should be noted that the ELISA format does not distinguish
serotype cross-reactive antibodies. However, of the 23 vacci-
nated animals, only 5 had developed tetravalent virus-neutral-
izing antibody, while others had trivalent (7 of 23), bivalent (9
of 23), or monovalent (2 of 23) neutralizing antibody responses
(not shown). When responses were measured 4 weeks after
their second vaccination (day 85), all 23 vaccinated monkeys
had tetravalent virus-neutralizing antibody responses (Table
1). Geometric mean PRNT50 titers for the four serotypes on
day 85 ranged from 200 (dengue-2) to 937 (dengue-3). The
dengue-2-neutralizing antibody response was significantly
lower than that of the other serotypes (P � 0.05). Analysis of
group B animals (n � 11) on day 253 showed that except for
dengue-3, which showed a decline in the titers from day 85 to
day 253, neutralizing antibody titers to the other serotypes

TABLE 1. Dengue virus neutralizing antibody response in vaccinated animalsa

Group Animal
Titer at day 85/253

Dengue-1 Dengue-2 Dengue-3 Dengue-4

A RO4069 497 191 975 441
RO4076 511 38 906 351
RO4018 981 381 1,135 773
RO4033 503 216 888 595
RO4020 681 49 1,325 387
RO4032 582 242 1,662 690
RO3031 537 240 981 605
RO3065 521 497 1,444 697
RO3026 773 500 1,405 708
RO4005 477 416 1,158 731
RO3053 937 578 1,451 849
RO4090 700 564 1,541 802

B RO4055 869/565 90/106 148/1 230/109
RO3040 943/548 161/236 397/20 282/369
RO3021 968/504 305/112 1,413/412 211/178
RO4086 778/952 369/302 1,051/738 477/517
RO4068 472/654 271/402 921/1,115 296/429
RO3057 412/385 41/101 620/248 300/178
RO3052 722/707 396/327 947/971 379/522
RO4034 460/438 147/226 448/164 219/301
RO3005 696/621 413/209 915/559 304/363
RO4026 620/597 502/189 1,233/1,249 310/527
RO3046 302/525 575/125 934/315 299/320

Geometric mean
titerb

621/575 200/191 937/220 431/312

a Neutralizing antibody titers were determined by PRNT and probit analysis. Values shown in bold are titers for the corresponding challenge virus type at the time
of challenge. Where neutralizing antibody responses were not detectable, a titer of 1 was arbitrarily assigned for the purposes of determining the geometric mean titers.
Animals were vaccinated on days 1 and 57. Group A animals were challenged on day 85, and group B animals were challenged on day 253.

b Geometric mean titers were determined for days 85 and 253, with sample sizes of 23 and 11, respectively.
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were similar to those on day 85, indicating longevity of the
virus-neutralizing antibody response. There were no significant
differences among serotypes on day 253 (P � 0.1205).

Long-lasting virus-neutralizing antibodies depend on a strong
CD4� helper T-cell response induced by the vaccine. However,
the IFN-� ELISPOT assay failed to detect T-cell responses in
peripheral blood mononuclear cells (group B animals) collected
at 4 weeks and 8 weeks after the second vaccination and stimu-
lated in vitro with purified dengue-1 (not shown). All vaccinated
animals showed moderate T-cell responses when measured at 4
weeks after the virus challenge (not shown).

Antivector immunity does not prevent response to revacci-
nation. One of the concerns regarding virus vector-based vac-
cines, in general, is the effect of antivector immunity on the
performance of vaccines. Since a significant percentage of the
human population is preexposed to adenovirus, there is con-
cern that vaccines based on adenovirus vectors may not be
effective in the face of preexisting antiadenovirus antibodies.
Although this study was not designed to address the effects of
preexisting vector immunity, we have sought to determine the
kinetics of antivector antibody elicited by an initial vaccination
and its effect on the subsequent booster vaccine dose. To
accomplish this, antiadenovirus antibody and anti-dengue virus
IgG were measured at multiple time points for group B ani-
mals. Prior to receiving their first vaccination, all animals were
either negative or weakly positive for antiadenovirus antibody,
and the highest titer was �300. Animal RO3052 (Table 1),
which had a prevaccination antiadenovirus antibody titer of
283, nevertheless produced anti-dengue virus antibodies at lev-
els similar to those of animals who had lower or undetectable
antiadenovirus antibody. Four weeks after receiving their first
inoculation with CAdVax-DenTV, all animals had developed
antivector antibody, with end point titers ranging from 652 to
7,680 (Fig. 3). These titers declined by day 57, when animals
received a second dose of CAdVax-DenTV. Four weeks post-
booster dose (day 85), antivector antibody titers had increased
to levels similar to those seen at 4 weeks postpriming dose.
Notably, anti-dengue virus antibody responses to each of the
four serotypes also increased in response to the booster vacci-
nation with CAdVax-DenTV (Fig. 4), indicating that antivec-
tor antibody levels on day 57 did not adversely affect the im-
munogenicity of the booster dose. By day 225, antivector
antibody titers had once again declined to levels similar to
those seen on day 57 (Fig. 3), indicating that it may be possible

to administer repeat doses of a vaccine based on an adenovirus
vector or to administer different vaccines based on this plat-
form.

Protection from dengue virus challenge. The efficacy of
CAdVax-DenTV to protect vaccinated animals against a chal-
lenge from all four dengue viruses was determined by two
separate virus challenges. The first challenge (group A) deter-
mined the short-term efficacy of vaccines (4 weeks after vacci-
nation), whereas the second challenge (group B) determined
the long-term efficacy (24 weeks after vaccination). Groups of
three control and three vaccinated animals were each chal-
lenged with one of the four dengue virus serotypes. Animals
were bled for 10 days following the virus challenge, and viremia
was determined as described in Materials and Methods. Tables
2 and 3 show viremia for animals in group A (day 85 challenge)
and group B (day 253 challenge), respectively. All four dengue
virus types produced uniform viremia in control animals in
both challenges, ranging from an average of 4.66 to 6.66 days
and log titers of 0.77 to 2.89 PFU/ml. Four weeks after receiv-
ing their final vaccination (Table 2), all monkeys challenged
with dengue-1 or dengue-3 were completely protected, show-
ing 0 days of viremia compared to 5.66 days for the corre-
sponding control groups (P � 0.0007 for both dengue-1 and
-3). One of the three animals challenged with dengue-2 was
viremic for a single day (group average, 0.33 days) compared to
the control group average of 4.66 days (P � 0.0028). Similarly,
each of the three animals challenged with dengue-4 became
viremic for a single day (group average, 1 day) compared to the
control group average of 6.66 days (P � 0.0001). Complete
protection of vaccinated animals from the dengue-1 and den-
gue-3 challenges was also evident in group B animals, which
were challenged at 24 weeks after vaccination (Table 3; P �
0.0007 and 0.0011, respectively). Significant protection against
dengue-2 and dengue-4 challenges (P � 0.0028 and 0.0354,
respectively) was also demonstrated in vaccinated group B
animals. It is of interest to note that in group B animals (Table
3), although the duration of viremia with dengue-4 was signif-
icantly reduced in vaccinated animals compared to that in
control animals, the virus titers appeared to be higher in the
vaccinated animals than in the control animals.

Neutralizing antibody titers for all animals at the time of
challenge are shown in Table 1. Examination of antibody titers

FIG. 3. Antiadenovirus (vector) antibody responses in vaccinated
animals. Antiadenovirus antibody in vaccinated animal sera (group B)
was determined as described previously. End point ELISA titers are
shown. Each line represents an individual animal in group B. Arrows
indicate vaccinations. FIG. 4. Immunogenicity in the presence of antivector antibody.

Averages of antiadenovirus antibody (bars) and anti-dengue virus an-
tibody (lines) responses are shown for group B animals. Lines D1, D2,
D3, and D4 represent dengue-1, -2, -3, and -4, respectively.
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and protection indicated that animals challenged with den-
gue-1 and -3 had antibody titers of �400 for dengue-1 and
�150 for dengue-3 and were protected. Whether lower titers
for dengue-1 and -3 are protective could not be determined by

this study. For dengue-2, however, with the exception of ani-
mals RO4033 (1-day viremia) and RO4020 (0-day viremia),
antibody titers of �100 appeared to be protective. The thresh-
old antibody titer for protection against dengue-4 challenge

TABLE 2. Viremia in control and vaccinated monkeys challenged with dengue-1 to -4 at 4 weeks postvaccination

Vaccine Animal Challenge virus
serotype

No. of
viremic

days

Range of
viremic
daysa

Group average
(days)

Range of virus titers
(log10 PFU/ml)

Control (CAdVax-C1) RO4073 1 6 1–7 5.66 0.77–2.64
RO4070 1 5 2–6
RO4066 1 6 2–7
RO4061 2 4 1–4 4.66 0.77–2.89
RO3032 2 5 1–5
RO4092 2 5 2–7
RO3010 3 3 1–3 5.66 0.77–2.58
RO3125 3 6 1–6
RO4012 3 8 2–9
RO3021 4 5 1–7 6.66 1.25–2.34
RO4162 4 8 1–8
RO4028 4 7 1–8

CAdVax-DenTV RO4069 1 0 0
RO4076 1 0
RO4018 1 0
RO4033 2 1 7 0.33 2.65
RO4020F 2 0
RO4032 2 0
RO3031 3 0 0
RO3065 3 0
RO3026 3 0
RO4005 4 1 6 1 1.17–1.73
RO3053 4 1 6
RO4090 4 1 4

a The range is the period between the days on which viremia was first and last detected.

TABLE 3. Viremia in control and vaccinated monkeys challenged with dengue-1 to -4 at 24 weeks postvaccination

Vaccine Animal Challenge virus
serotype

No. of
viremic

days

Range of
viremic
daysa

Group average
(days)

Range of virus titers
(log10 PFU/ml)

Control (CAdVax-C2) RO4011 1 7 1–8 5.66 0.77–2.85
RO4196 1 5 1–5
RO4044 1 5 1–5
RO4031 2 4 1–4 4.66 1.07–2.15
RO4098 2 6 1–6
RO4178 2 4 1–4
RO4079 3 6 2–7 5.33 0.77–2.13
RO3277 3 7 1–7
RO4080 3 3 1–7
RO3269 4 5 1–6 5.00 0.77–1.77
RO3249 4 5 5–9
RO4044 4 5 1–7

CAdVax-DenTV RO4055 1 0 0.00
RO3040 1 0
RO3021 2 1 2 0.33 —b

RO4086 2 0
RO4068 2 0
RO3057 3 0 0.00
RO3052 3 0
RO4034 3 0
RO3005 4 2 4–5 2.33 2.12–3.07
RO4026 4 2 4–5
RO3046 4 3 3–5

a The range is the period between the days on which viremia was first and last detected.
b The day-2 serum sample from animal RO3021 was positive for virus by using cell infectivity assay, but virus presence was below the detection threshold by using

the plaque assay.
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appeared to be higher than for other dengue virus serotypes.
Animals with titers in the 700 to 800 range (day-85 challenge)
became viremic for 1 day, whereas those with titers in the 300
to 500 range (day-253 challenge) not only became viremic for
2 to 3 days but also exhibited higher virus titers (Table 3).

DISCUSSION

A major challenge to dengue vaccine development is the
need to produce simultaneous protective immune responses to
all four dengue virus serotypes. Candidate vaccines that use
several different approaches (LAV, dengue-YFV chimeras, re-
combinant attenuated viruses, and DNA) are currently in var-
ious stages of development. All these approaches require four
individual monovalent vaccines as components of the final
tetravalent vaccine formulation. Mixed live vaccines such as
those in the LAV approach have presented problems related
to reactogenicity, serotype dominance, and competition (7, 20,
30, 34). Recombination is another concern when dealing with
mixed formulations based on replicating live viruses. RNA
viruses can recombine within and between species. A classic
example is the emergence of Western equine encephalitis virus
as a recombinant between a Sindbis-like virus and the Eastern
equine encephalitis virus (12). Although homologous recom-
bination among flaviviruses has been reported (8, 36), and
Seligman and Gould (32) have argued that the possibility of
untoward recombination events can never be dismissed, this
issue has been controversial (6, 17, 25), and the possibility
remains largely theoretical.

To address these issues and to reduce the complexity of
dengue tetravalent vaccine, we have taken advantage of a com-
plex adenovirus vector system. This is a nonreplicating adeno-
virus vector capable of harboring large foreign DNA, making it
possible to create multivalent recombinant constructs. We
have produced two bivalent constructs (CAdVax-Den12 and
CAdVax-Den34), each expressing the prM and E proteins of
two dengue virus serotypes. These bivalent vaccine constructs
produced bivalent neutralizing antibody responses in vacci-
nated mice (16). We have now demonstrated that a tetravalent
dengue vaccine (CAdVax-DenTV) formulated by mixing the
two bivalent constructs is capable of eliciting high-titered neu-
tralizing antibodies to all four dengue virus serotypes in rhesus
macaques. Four weeks after they were vaccinated, all animals
(23/23) produced neutralizing antibody responses to all four
dengue virus serotypes. Antibody titers were fairly uniform
across serotypes, except that titers for dengue-2 tended to be
lower than those for the rest. These results demonstrate more
uniform and consistent antibody responses than those in other
published reports. For example, in a study of a tetravalent
YFV-dengue virus chimera vaccine, only two of the four for-
mulations tested produced neutralizing antibodies to all four
dengue virus serotypes, and a wide range of titers was reported
(11). Similarly, a recently published study of tetravalent LAV
vaccine in rhesus monkeys reported only 70% seroconversion
to dengue-4 (35), and although 100% seroconversion to all
four dengue virus serotypes was reported in rhesus monkeys
vaccinated with a single dose of tetravalent recombinant LAV
vaccine, a second dose was necessary for protection against
dengue-2 challenge (2).

There are inherent technical limitations in multivalent vac-

cine studies with related antigens to conclusively demonstrate
that each individual antigen expressed is eliciting a specific
antibody response. Although dengue virus antibodies display
cross-reactivity with assays such as ELISA and hemagglutina-
tion inhibition, they display the greatest serotype specificity
with the neutralization test (19). Published reports from pri-
mate studies and human clinical samples suggest that a neu-
tralizing antibody response elicited by a single dengue virus
antigen is usually monotypic, and if there are minor cross-
reactions, they disappear over several months (14, 15, 31). If
the tetravalent neutralizing antibody responses demonstrated
in this study were the result of cross-neutralization, one would
have expected to see waning titers for one or more serotypes at
6 months postvaccination. The fact that stable antibody titers
to all four dengue virus serotypes persisted for 6 months per-
haps indicates that the CAdVax-DenTV vaccine is eliciting
antibodies specific to all four dengue virus serotypes.

We were not able to demonstrate T-cell responses in vacci-
nated animals. Developing T-cell-based assays for dengue vi-
ruses in macaques has been generally difficult. Synthetic den-
gue virus E peptides have not worked well in in vitro
stimulations of primate peripheral blood mononuclear cells
(unpublished). Using purified dengue-1 to stimulate T cells in
vitro, we were able to demonstrate modest T-cell responses in
animals only after they had been challenged (data not shown),
indicating that the vaccine did not elicit measurable T-cell
response but the challenge inoculation did. Similar results
were recently observed with cynomolgus monkeys vaccinated
with a dengue-1 vaccine based on the VEE replicon system (4).
One reason may be that the infecting virus presents certain
epitopes in vivo that are not presented by antigens produced by
the vaccine. Another possibility is that the wild-type virus elic-
its stronger T-cell responses and the sensitivity of the assay is
not able to detect weaker responses elicited by the vaccine.
This appears to be the case, since a high-titered and long-
lasting dengue-neutralizing antibody response is indicative of a
strong cognate CD4 T-cell response. The T-cell responses re-
ported here are consistent with those reported for cynomolgus
monkeys infected with dengue-3 (24).

Vaccinated rhesus monkeys were protected from viremia
when challenged with any of the four dengue virus serotypes.
Protection against viremia from dengue-1 and dengue-3 chal-
lenges was complete, and a significant reduction in the number
of days of viremia from dengue-2 and dengue-4 was observed.
Data further demonstrated that the immune responses elicited
by the vaccine provided protection against all four serotypes
when a challenge was mounted 1 month after vaccination and
persisted through a 6-month period and was still capable of
providing significant protection against all four serotypes.
Complete protection against dengue-1 and -3 challenges was
observed with animals challenged at 6 months after vaccina-
tion. There was more breakthrough viremia with the dengue-4
challenge at 6 months, however. It is possible that a higher
threshold of neutralizing antibody is required for complete
protection against dengue-4. Breakthrough viremia from den-
gue-4 challenge was also observed with the tetravalent YFV-
dengue virus chimera vaccine (11), and complete protection
against only dengue-2 was reported in the case of tetravalent
LAV vaccine (35). It is of interest to note that vaccinated
animals challenged with dengue-4 on day 253 had higher virus
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titers than control animals, although the duration of viremia in
vaccinated animals was truncated. The possibility of antibody-
mediated enhancement of infection and disease (13) is of par-
ticular concern for dengue vaccine candidates. The rhesus
monkey model does not allow for disease monitoring, and the
small number of animals used makes it difficult to draw defin-
itive conclusions from these observations. Further in vivo and
in vitro investigations are required for a clear understanding of
this phenomenon.

It is interesting that for dengue-2 and dengue-4, two sero-
types for which some breakthrough viremia was observed, the
antigens are expressed from the E4 region of adenovirus, com-
pared to dengue-1 and dengue-3 antigens, which are expressed
from insertions in the E1 region (Fig. 1). Although all dengue
virus antigen genes are under the control of human cytomeg-
alovirus (hCMV) promoters, it is not known if there is any
positional effect within the adenovirus genome. These consid-
erations may be important in fine-tuning immune responses for
maximal benefit in future versions of this dengue tetravalent
vaccine.

Vector immunity has been a general concern with vaccines
based on recombinant viral vectors, including adenovirus vec-
tors (5). It is argued that in individuals previously exposed to
adenoviruses, adenovirus vector-based vaccines may not be
effective and that even in individuals not previously exposed,
vector immunity due to first vaccination with an adenovirus
vector-based vaccine will make subsequent vaccinations inef-
fective. However, Shiver et al. (33) have reported that in the
case of an adenovirus vector-based human immunodeficiency
virus (HIV) vaccine in nonhuman primates, preexisting immu-
nity could be overcome by the use of a higher dose of vaccine.
More recently, the use of higher doses of an adenovirus vector-
based HIV vaccine has been shown to overcome preexisting
adenovirus immunity in a phase I human clinical trial (5).
However, the result from a recent phase II study of an HIV
vaccine based on the adenovirus vector has been discouraging
(18). There have been suggestions that high-level preexisting
adenovirus antibody may have increased the risk for HIV in-
fection. While caution is warranted, it is difficult to make com-
parisons; the HIV vaccine is a T-cell epitope-based vaccine
against a chronic infectious virus, whereas dengue vaccines are
based on antibody epitopes against an acute viral infection.
Our data show that after the first dose of vaccine, appreciable
levels of antiadenovirus antibody were detected. However,
when animals were given a booster dose at day 57 (8 weeks) in
the presence of these antiadenovirus antibodies, we were able
to boost both antiadenovirus and anti-dengue virus antibody
titers, indicating that the level of preexisting antiadenovirus
antibody was not a major issue. By day 169 (week 24), anti-
adenovirus antibody levels had nearly declined to levels seen at
8 weeks. Thus, it is possible to administer a second booster
dose at this time, if needed, or to vaccinate with a different
vaccine built on the same platform. We believe that a proof-
of-concept clinical trial for this tetravalent dengue vaccine and
further development of improved vaccine constructs using this
vector system are warranted.
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